Introduction {#s1}
============

It has long been known that plasma concentrations of thyroid hormones (TH) affect the basal metabolic rate (BMR) of mammals (including humans) and birds [@pone.0056229-Hulbert1], [@pone.0056229-DuBois1], [@pone.0056229-Barker1]. Although evidence from wild animals is still scarce, studies of laboratory animal models have shown stimulating effects of thyroid hormones on tissue oxygen consumption with corresponding effects on BMR [@pone.0056229-Hulbert2], [@pone.0056229-Silvestri1], [@pone.0056229-Kim1]. Much less is known about the relationship between thyroid hormones and the field metabolic rate (FMR). However, a strong link between BMR and FMR has often been proposed, particularly during periods of peak energy expenditure such as reproduction [@pone.0056229-Hammond1], [@pone.0056229-Careau1], [@pone.0056229-Daan1], leading to the expectation of a positive association between TH and FMR. Yet, the impact of thyroid hormones on FMR of animals remains virtually unknown. In the present study we determined the relationship between the thyroid hormone triiodothyronine (T3) and the basal and field metabolic rates of a free-ranging bird species, the black-legged kittiwake (*Rissa tridactyla*, hereafter called kittiwake).

BMR, which can be seen as the minimal energetic cost of living, is defined as the metabolic rate of a resting, normothermic and post-absorptive adult animal within its thermoneutral zone [@pone.0056229-Bech1] and has long been proposed to be closely related to concentrations of thyroid hormones in endotherms [@pone.0056229-Hulbert2], [@pone.0056229-Freake1]. In fact, before the advent of radioimmunoassays made it possible to measure plasma concentrations of thyroid hormones directly, BMR was used as a proxy for thyroid status in humans [@pone.0056229-Hulbert1], [@pone.0056229-DuBois1]. Today blood concentrations of the two main thyroid hormones, thyroxine (T4) and triiodothyronine (T3) are readily assessed. Although in birds T4 may have high potency for several hormone-triggered responses [@pone.0056229-McNabb1] it is usually regarded as a precursor of the physiologically more active T3. The vast majority of circulating thyroid hormones is bound to plasma proteins and it is the free fraction that is often assumed as physiologically relevant [@pone.0056229-Mendel1].

Although the detailed pathways of how thyroid hormones affect energy metabolism are still debated it is clear that it involves the stimulation of many individual processes in different body tissues [@pone.0056229-Hulbert2]. In general, most body tissues have been shown to be thyroid hormone sensitive, and *in vitro* oxygen consumption of a range of tissues is known to differ according to their thyroid status [@pone.0056229-Barker1], [@pone.0056229-Barker2], [@pone.0056229-Harper1]. Hence, many studies on humans and laboratory animals have demonstrated a strong link between thyroid hormones and BMR [@pone.0056229-Hulbert2], [@pone.0056229-Kim1]. For example, early studies demonstrated that thyroidectomy can reduce BMR by up to 40% \[4 and references therein\], while a positive relationships between TH concentrations and BMR have been reported in euthyroid humans [@pone.0056229-Stenlof1], [@pone.0056229-Johnstone1]. In the chicken, the correlation coefficient between T3 and BMR was as high as 0.98 [@pone.0056229-Bobek1]. However, for animals under natural conditions much less information is available with respect to the relationship between thyroid hormones and BMR, and results are ambiguous [@pone.0056229-Burger1], [@pone.0056229-Chastel1], [@pone.0056229-Vezina1], [@pone.0056229-Li1].

Similarly, there is a paucity of data with which to evaluate the existence of a link between thyroid hormones and FMR. Even though thyroid hormones have occasionally been used as a proxy for FMR [@pone.0056229-Duriez1], to our knowledge a positive association of thyroid hormones with FMR (or daily energy expenditure) has so far only been demonstrated in humans under controlled conditions [@pone.0056229-Toubro1]. Thermoregulation may be an important driver of FMR, especially in small mammals [@pone.0056229-Westerterp1], Given that thyroid hormones stimulate several processes of metabolic heat production and therefore are thought to be important modulators of both obligatory and facultative thermogenesis [@pone.0056229-Silvestri1], [@pone.0056229-McNabb1], one may expect a positive relationship of FMR with TH concentrations. However, for species such as kittiwakes that often operate within their thermoneutral zone [@pone.0056229-Gabrielsen1] this is likely to play only a minor role, and physical activity rather than thermoregulation presumably accounts for most of the difference between BMR and FMR. Whether TH concentrations have an effect on levels of physical activity largely remains to be demonstrated [@pone.0056229-Levine1].

Nonetheless, a relationship between thyroid hormones and FMR is expected under the assumption that BMR and FMR are intrinsically linked, i.e. that the BMR determines the level of FMR an individual can sustain [@pone.0056229-Hammond1], [@pone.0056229-Weiner1], [@pone.0056229-Speakman1]. This hypothesis is mainly based on the notion that a high FMR needs to be sustained by high energy intake and therefore requires large internal organs such as the liver, kidneys and alimentary tract. The size of these organs together with their high metabolic intensities [@pone.0056229-Rolfe1] represent an important determinant of BMR and would consequently intrinsically link basal and field metabolic rates [@pone.0056229-Speakman1]. Supporting this hypothesis, a large number of studies have reported a positive association between BMR and FMR both on the inter-specific [@pone.0056229-Daan1], [@pone.0056229-Speakman1], [@pone.0056229-White1] and intra-specific level [@pone.0056229-Daan2], [@pone.0056229-Nilsson1], [@pone.0056229-Tieleman1]. In the present study we tested the strength of the relationship between thyroid hormones (T3) and both BMR and FMR in a free-ranging bird species, the kittiwake during a period of peak energy demands (chick-rearing). We predicted a strong positive relationship between T3 and BMR based on the known contribution of TH to tissue *in vitro* oxygen consumption. We also expected a positive, albeit weaker, association of T3 with FMR given the proposed link between BMR and FMR.

Materials and Methods {#s2}
=====================

Ethics Statement {#s2a}
----------------

The study was approved by the Governor of Svalbard and by the Norwegian Animal Research Authority.

Study Area and Animals {#s2b}
----------------------

Our study was conducted from 21 July to 1 August 2001 and from 23 July to 7 August 2010 in a colony of kittiwakes at Kongsfjorden on the west coast of Spitsbergen, Norway (78°54′N, 12°13′E). The breeding season (May-September) at the study site is characterized by continuous daylight and an average ambient temperature of approx. 4.5°C. Kittiwakes are medium sized (body mass approx 330--400 g), cliff-breeding seabirds that mainly feed on pelagic fish \[e.g. 35\]. In Spitsbergen, kittiwakes usually lay two eggs and both partners of a pair share parental duties during incubation and chick-rearing. Kittiwakes are sexually size-dimorphic with males weighing on average about 12% more than females \[e.g. 36\].

T3 and BMR {#s2c}
----------

In 2001, we captured 24 adult kittiwakes (12 males and 12 females) to simultaneously measure plasma total T3 concentration and BMR. Birds were caught during the chick-rearing period when their chicks were between 2 and 21 d old. Only one adult per nest was captured, and data obtained for males and females were considered as statistically independent. Birds were captured at their nests with a noose at the end of a telescopic pole. Immediately after capture, a blood sample (\<500 µl) was collected from the alar vein with a 1 ml heparinized syringe and a 25-gauge needle. Blood samples were stored on ice, centrifuged after max. 10 h and the plasma separated. Plasma samples were then stored at --20°C for triiodothyronine assay (hereafter called 'T3 in the field'). All birds were weighed to the nearest 2 gram using a Pesola spring balance and the length of the head and bill ('headbill') was measured to the nearest 0.5 millimeter. Morphometric measurements were used to determine the sex of the birds following Moe et al. (2002) [@pone.0056229-Moe1].

After capture and blood sampling, birds were kept in an individual opaque cloth bag to be rapidly (within 15 min) transported by boat to the laboratory to measure BMR by open flow-through respirometry. Birds were fasting for about six hours before being placed into a metabolic chamber. The metabolic chamber was situated inside a larger walk-in temperature-controlled cabinet. The ambient temperature (T~a~, measured using a type T thermocouple placed inside the metabolic chamber) during the measurements was on average 20.7°C (S.D. = 1.6°C, range 18.9--25.5°C), which is within thermoneutrality for kittiwakes [@pone.0056229-Gabrielsen1]. During the experiment, birds were kept in continuous light reflecting natural conditions at the breeding site. Outside air was dried over silica gel and pumped through an approximately 25 L respiratory chamber with a flow rate of approximately 1.0 L/min. Actual flow rates were measured using a calibrated mass flow-meter (Bronkhorst high-tech, type 201C-FA, Ruurlo, the Netherlands). An aliquot of the effluent air was dried over silica-gel and the oxygen concentration measured using an oxygen analyzer (Servomex Xentra 4100, Zoetermeer, the Netherlands). The oxygen analyzer was calibrated using dry outside air (set to 20.95% oxygen) and pure stock nitrogen. The minimum value of oxygen consumption was obtained after an average time of 17 h (S.D. = 4.7, range 10--24 h) after the birds had been captured in the field. The BMR was calculated from the lowest 25-minute running average [@pone.0056229-Bech1] of instantaneous oxygen consumption. Rates of oxygen consumption (VO~2~) were calculated using formula 3A given by Withers [@pone.0056229-Withers1], and corrected for wash-out delay in the system by the method described by Niimi (1978) [@pone.0056229-Niimi1]. In this way, we obtained the instantaneous oxygen consumption rates. We assumed a respiratory quotient (RQ) of 0.73. Birds usually have uric acid as their main nitrogenous waste product and because of the stoichiometry of uric acid metabolism RQ during both fasting (predominantly fat metabolism) and during protein metabolism (carbohydrates are negligible in the diet of piscivorous seabirds) will be essentially equal (0.71--0.73). The maximal error in calculating VO~2~ caused by variation in RQ will consequently be small (below 0.5% if RQ varies by ±0.02). BMR (W) was calculated from the value of oxygen consumption rate using a conversion factor of 19.9 J per ml O~2~.

Immediately after the measurements in the respiratory chamber were completed, birds were bled for an additional T3 measurement (hereafter called 'T3 in the lab'), weighed and released outside the laboratory. All birds were later seen back on their nests without any apparent effect of the handling.

T3 and FMR {#s2d}
----------

In 2010, we captured 49 adult kittiwakes (24 males and 25 females) to simultaneously measure plasma T3 concentration (total and free fraction) and FMR. This included both partners of 23 breeding pairs and three single birds (1 male and 2 females). Birds were sampled when their chicks were between 18 and 25 d old (hatching dates were known through nest content monitoring every two days). We estimated FMR using the doubly-labeled water (DLW) method [@pone.0056229-Butler1], [@pone.0056229-Speakman2]. Immediately after capture, birds were weighed and intra-peritoneally injected with 1.25 mL DLW containing 64.0 atom percent excess (APE) oxygen-18 (^18^O) and 36.2 APE deuterium (^2^H). Birds were marked with an individually numbered steel band and a coded plastic band for easy identification. Birds were then kept in a cloth bag for 1 h to allow for complete equilibration of isotopes with the body water of the injected animal [@pone.0056229-Speakman2]. Prior to release, birds were weighed again and an initial blood sample was collected from the alar vein. Blood was stored in several 75 µL glass micro-capillaries which were immediately flame-sealed. Additionally, blood samples were taken from 12 unlabeled adult kittiwakes to determine the mean background level of isotopes \[41: method C\].

To eliminate high day to day variation of DEE [@pone.0056229-Berteaux1], [@pone.0056229-Speakman4], we aimed to recapture all individuals after approximately three days (mean ± SD: 63.7 h±9.9). Upon recapture, birds were weighed and a final blood sample was taken as described above to estimate FMR and measure plasma concentrations of thyroid hormones. We were able to recapture all injected individuals. For thyroid hormone analysis, blood (c. 0.8 mL) was centrifuged, plasma separated and frozen immediately after the sample was taken. The sex of birds in 2010 was determined by molecular sexing following standard procedures as described in Fridolfsson and Ellegren (1999) [@pone.0056229-Fridolfsson1].

Analysis of isotopic enrichment of blood samples was done by isotope ratio mass spectrometry as detailed in Speakman and Krol (2005) [@pone.0056229-Speakman5]. In short, water for analysis of ^2^H and ^18^O was obtained by vacuum distilling blood samples into glass Pasteur pipettes [@pone.0056229-Nagy1]. ^2^H enrichment was determined from hydrogen gas derived from the distilled water by online chromium reduction. ^18^O enrichment was analyzed by equilibration of distilled water with CO~2~-gas of known oxygen isotopic enrichment using the small-sample equilibration technique [@pone.0056229-Speakman6]. Isotope ratios were then determined by gas source isotope mass spectrometry (IRMS) with isotopically characterized gases of H~2~ and CO~2~ in the reference channels. Hydrogen samples were run on an Isoprime 100 mass spectrometer (Isoprime Ltd, Cheadle hulme, UK) and oxygen samples were run on a Micromass µG mass spectrometer (Micromass ltd, Manchester, UK). In both cases the samples were ordered according to their expected enrichment and run from high to low enrichment. The samples were preceded by three characterized working standards whose enrichments had been previously established by reference to the international IAEA standards SMOW and SLAP. These three working standards were run at the start and end of each batch of samples. In the initial standard set the order was low to high, this was followed by the samples running high to low, and then the final batch of standards was also run low to high. This ordering minimized large isotope changes between samples to minimize memory effects. The measured enrichments of the standards were compared to their established enrichments to generate a correction at the start and end of each run. This allowed us to correct for machine drift throughout the measurements of each batch of samples. A typical run would include 30--40 samples (15 to 20 duplicates) bracketed between the standards which were run in quintuplicate. Enrichment of the injectate was estimated by a dilution series with tap water and mass spectrometric analysis of 5 subsamples of each solution [@pone.0056229-Speakman5].

We calculated rates of CO~2~-production using a single pool model as recommended for this size of animal [@pone.0056229-Speakman2], [@pone.0056229-Speakman7]. We corrected for fractionation effects assuming a fixed evaporation of 25% of the total water efflux \[equation 7.17, 40\] which has been shown in several studies to minimize deviations from reference methods [@pone.0056229-Speakman5], [@pone.0056229-VanTrigt1], [@pone.0056229-Visser1]. Initial body water was determined from the ^18^O dilution space which was calculated by the plateau method [@pone.0056229-Speakman2]. Final body water was inferred from final body mass and assuming a similar fraction of body water throughout the measurement period.

The rate of CO~2~-production was converted into estimates of FMR (W) using a caloric equivalent of 27.639 J mL CO~2~ ^−1^. This represents the mean conversion factor derived from year-specific factors based on dietary information and estimated over 5 study years for kittiwakes at the same colony [@pone.0056229-Welcker1]. Variation among year-specific conversion factors was negligible \[CV: 0.08%, 51\].

T3 Radioimmunoassays {#s2e}
--------------------

In 2001, plasma concentrations of total 3, 3′-Triiodo-L-Thyronine (tT3) were determined by radioimmunoassay at the Centre d'Etudes Biologiques de Chizé as detailed in Chastel et al. [@pone.0056229-Chastel1]. All samples were analyzed in a single assay and the intra-assay coefficient of variation (CV) was 3% (n = 4 duplicates).

In 2010, we determined both tT3 and unbound (free) T3 (fT3) concentrations at the Institute of Arctic Biology, Fairbanks, by radioimmunoassay based on a commercially available kit (MP Biomedicals) optimized for our study species. The dose-response curve of pooled kittiwake plasma was parallel with standard curves of both tT3 and fT3 assay kits. All samples were analyzed in duplicate. Total T3 was analyzed in two assays with a CV of 2.0% and 6.5% for intra- and inter-assay variability, respectively. Free T3 was analyzed in a single assay with an intra-assay CV of 2.3%.

Data Analysis {#s2f}
-------------

To check for potential confounding effects of diurnal variation [@pone.0056229-Klandorf1], ambient temperature [@pone.0056229-Dawson1] and handling time [@pone.0056229-GrattoTrevor1] on T3, we plotted T3 values against time of the day when the sample was collected (range: 10h30--23h30), ambient air temperature recorded at the colony (range: 1.6--7.8°C, 2001 only) and handling time during blood sampling (range: 1--10 min). No significant relationships were found (linear regressions, all P\>0.11, polynomial regression for time of day, p\>0.5; see also [@pone.0056229-Bech1]). Similarly, we tested for an effect of deviations of the sampling period from a multiple of 24 h periods on FMR. As has previously been shown for birds breeding in the continuous daylight of the Polar summer [@pone.0056229-Welcker1], [@pone.0056229-Welcker2], we did not find support for a diurnal rhythm of FMR in kittiwakes (*F* ~1,47~ = 0.01, *P* = 0.97).

Plasma concentrations of tT3 were significantly higher in 2010 compared to 2001 (*F* ~1,71~ = 73.3, *P*\<0.001, see [table 1](#pone-0056229-t001){ref-type="table"}). This difference may reflect inter-annual variation or may partly be driven by differences in the radioimmunoassays used (see above). Hence, tT3 data from the different study years were analyzed separately.

10.1371/journal.pone.0056229.t001

###### Mean (±SE) body mass, plasma levels of T3 and metabolic rates of chick-rearing of male and female kittiwakes in Kongsfjorden, Svalbard. 12 males and 12 females were sampled in 2001, 24 females and 25 males were sampled in 2010.

![](pone.0056229.t001){#pone-0056229-t001-1}

                             Males        Females     *F~1,22~*     *P*
  ---------------------- ------------- ------------- ----------- ---------
  *2001*                                                         
  Body mass colony (g)    384.58±5.72   338.33±7.72     23.2      \<0.001
  Body mass lab (g)       347.50±4.40   311.42±5.87     24.2      \<0.001
  T3 colony (ng/ml)        1.64±0.22     1.25±0.09       1.4       0.24
  T3 lab (ng/ml)           1.17±0.14     1.31±0.21       0.1       0.74
  BMR (Watt)               2.61±0.11     2.41±0.10       1.8       0.19
  *2010*                                                         
  Body mass (g)           394.21±5.25   343.10±3.31     68.9      \<0.001
  Total T3 (ng/ml)         3.18±0.23     2.81±0.17       1.5       0.23
  Free T3 (pg/ml)          7.20±0.77     5.44±0.52       2.6       0.11
  FMR (Watt)              12.48±0.52     7.92±0.35      51.5      \<0.001

We used ordinary least squares regressions to determine the relationship of BMR with tT3 measured in the field and the lab. To evaluate the effect of sex on these relationships, sex was included as an additional factor in a second set of models. BMR was significantly positively related with body mass (*F* ~1,22~ = 15.74, *P*\<0.001, *R^2^* = 0.42). To remove the effect of body mass, we ran a second set of models on mass-independent BMR which was calculated as the residuals of the regression of BMR on body mass.

As both partners of breeding pairs were sampled in 2010, estimates of FMR of partners were not statistically independent. We therefore started to determine the relationship of FMR with total and free T3 by fitting general linear mixed effects models containing 'nest identity' as a random effect. However, in all cases the random variance component was estimated to be very close to zero indicating that the variability between individuals of different pairs was not larger than expected from within-pair variability. Hence, in our data partners of a pair can be regarded as statistically independent with respect to FMR and consequently we fitted ordinary least-squares models to those data. Similarly to BMR, in a second step we removed the effect of body mass by calculating mass-independent FMR as above.

Model fits were assessed by examining diagnostic plots; all hormone data and FMR were log-transformed to meet the condition of normality. All statistical analyses were performed using R.15.0 [@pone.0056229-R1].

Results {#s3}
=======

In 2001, tT3 levels measured in the lab were positively and significantly related to those measured at the colony (*F* ~1,\ 22~ = 11.12, *P* = 0.003, *R^2^* = 0.34), and mean tT3 concentrations were similar at both sampling events (*t* = 1.43, N = 24, *P* = 0.16). In addition, plasma levels of tT3 measured at the colony and in the lab were similar between males and females ([Table 1](#pone-0056229-t001){ref-type="table"}). Similarly, both BMR and mass-independent BMR did not differ between males and females ([Table 1](#pone-0056229-t001){ref-type="table"}). In addition, there was a significant positive relationship between plasma levels of tT3 and body mass measured at the colony (*F* ~1,22~ = 9.87, *P* = 0.005, *R^2^* = 0.31) whereas such a relationship was absent for tT3 levels and body mass measured in the lab (*F* ~1,22~ = 0.80, *P* = 0.38, *R^2^* = 0.04).

There were strong positive relationships between tT3 and BMR ([Fig. 1](#pone-0056229-g001){ref-type="fig"}). Total T3 measured in the field explained 60.1% of the observed variation in BMR ([Fig. 1](#pone-0056229-g001){ref-type="fig"}; *F* ~1,22~ = 33.19, *P*\<0.001), tT3 measured in the lab explained 36.3% of the variation (*F* ~1,22~ = 12.57, *P* = 0.002). These relationships persisted when body mass was accounted for (mass-independent BMR, [Fig. 1](#pone-0056229-g001){ref-type="fig"}; *F* ~1,22~ = 11.72, *P* = 0.002, *R^2^* = 0.35) and tT3 measured in the lab (*F* ~1,22~ = 14.56, *P*\<0.001, *R^2^* = 0.40). Accounting additionally for the effect of body mass on T3 in the field also had no strong effect on the relationship (*F* ~1,22~ = 10.09, *P* = 0.004, *R^2^* = 0.31). Together, T3 and body mass explained 68.9% and 65.8% of the variation in BMR for T3 measured in the field and in the lab, respectively.

![Relationship between plasma levels of total T3 and BMR (panel *A*), and mass-independent BMR (residuals of BMR regressed on body mass, panel *B*) in chick-rearing black-legged kittiwakes in Kongsfjorden, Svalbard in 2001.\
T3 was measured in blood samples obtained at the colony prior to BMR measurements in the lab using a respiratory chamber. Open symbols denote females and closed symbols denote males.](pone.0056229.g001){#pone-0056229-g001}

In accordance with results from the first study year, in 2010 male kittiwakes weighed approx. 14% more compared to females ([Table 1](#pone-0056229-t001){ref-type="table"}), while there was no sex difference between plasma concentrations of both total and free T3 ([Table 1](#pone-0056229-t001){ref-type="table"}). In contrast to BMR, FMR of males exceeded those of females by 57.6% ([Table 1](#pone-0056229-t001){ref-type="table"}), and the effect of sex was not completely removed when accounting for body mass (*F* ~1,47~ = 4.646, *P* = 0.036). Plasma concentrations of total and free T3 were highly correlated (*F* ~1,47~ = 162.7, *P*\<0.001, *R^2^* = 0.78). Furthermore, in 2010 there was no effect of body mass on either total (*F* ~1,47~ = 2.12, *P* = 0.15, *R^2^* = 0.04) or free T3 (*F* ~1,47~ = 3.40, *P*\<0.07, *R^2^* = 0.08), while FMR increased significantly with body mass (*F* ~1,47~ = 32.29, *P*\<0.001, *R^2^* = 0.41).

In contrast to BMR there was no strong relationship between either FMR or mass-independent FMR with tT3 ([Fig. 2](#pone-0056229-g002){ref-type="fig"}; FMR: *F* ~1,47~ = 2.98, *P* = 0.09, *R^2^* = 0.06; mass-independent FMR: *F* ~1,47~ = 1.01, *P* = 0.32, *R^2^* = 0.02). Similarly, relationships between free T3 and field metabolic rates were weak and statistically non-significant (FMR: *F* ~1,47~ = 3.90, *P* = 0.054, *R^2^* = 0.08; mass-independent FMR: *F* ~1,47~ = 0.99, *P* = 0.32, *R^2^* = 0.02).

![Relationship between plasma levels of total T3 and FMR (panel *A*), and mass-independent FMR (residuals of FMR (log) regressed on body mass, panel *B*) in chick-rearing black-legged kittiwakes in Kongsfjorden, Svalbard in 2010.\
Open symbols denote females and closed symbols denote males.](pone.0056229.g002){#pone-0056229-g002}

Discussion {#s4}
==========

Even though many *in vitro* studies have shown the stimulating effect of TH on tissue metabolic rate and the link between TH and BMR is well established in humans and several model species in the lab, evidence for a similar relationship in free-ranging animals is still scarce. Our data show a strong positive correlation between the thyroid hormone T3 and BMR in wild-caught kittiwakes suggesting that the linkage demonstrated in laboratory animals also holds under natural conditions. In kittiwakes it has previously been shown that adjustments of BMR across life history stages are at least partly attained through modulation of the metabolic intensity of internal organs such as the kidneys accompanied by corresponding changes in TH [@pone.0056229-Rnning1], and hence it seems likely that TH is involved in that process. This result is also in accordance with two previous studies on free-ranging house sparrows (*Passer domesticus*) [@pone.0056229-Chastel1] and red knots (*Calidris canutus*) [@pone.0056229-Vezina1] that both reported similarly strong relationships between TH and BMR but contrasts with findings from Burger and Denver (2002) [@pone.0056229-Burger1] for northern cardinals (*Cardinalis cardinalis*). However, in the latter study, hormone concentrations and metabolic rates were not measured in the same individuals and a relationship between TH and BMR across sampling locations might have been obscured by several confounding factors such as ambient temperature, food intake, time of day or other environmental stimuli that are known to affect thyroid function [@pone.0056229-Hulbert2], [@pone.0056229-Klandorf1], [@pone.0056229-Dawson1], [@pone.0056229-Eales1].

BMR is difficult to measure in the field and might, especially in species sensitive to handling, lead to spurious results [@pone.0056229-Ellis1]. Although it is still debated whether variation in BMR is the cause or the consequence of variation in TH concentrations [@pone.0056229-Hulbert1], the strength of the relationship of TH with BMR within species, as demonstrated in our and previous studies [@pone.0056229-Chastel1], and the fact that this relationship was independent of body mass suggests that T3 might serve as a proxy for BMR in free-ranging animals. However, further research on a larger variety of species is warranted to determine whether this conclusion can be generalized or only holds for kittiwakes during the breeding season.

It is generally assumed that TH concentrations are related to the metabolic intensity of a body tissue rather than the overall metabolic rate of an organ. Therefore, we would have expected TH levels to be more strongly related to mass-independent BMR rather than whole-body BMR. However, in our data whole-body and mass-independent BMR were highly correlated and differences in their relationship with TH concentrations were minor. Larger datasets are needed to evaluate potential differences in the relationships of TH with whole-body and mass-independent metabolic rates.

We measured TH concentrations twice in each individual, in the field prior to BMR measurements and in the lab immediately after measurement of BMR. This was mainly done to rule out a possible effect of handling on T3 titres potentially obscuring the link with BMR [@pone.0056229-GrattoTrevor1]. However, tT3 in the field and tT3 in the lab were highly correlated and means did not differ significantly. This indicates that the possible impact of handling and BMR procedures on tT3 levels after the BMR measurements was negligible. As it is known that plasma TH concentrations increase within minutes after an immediate stressor such as our handling routines \[54; A. Kitaysky unpublished data\] it is likely that during the extended time birds spent in the respiratory chamber, tT3 levels returned to previous 'baseline' levels. The short half-life of TH in birds [@pone.0056229-McNabb1] may facilitate the apparent resilience of TH concentrations in kittiwakes. As a result, the relationships of BMR with tT3 before and after BMR measurements were similarly strong.

In contrast to BMR, both tT3 and fT3 were only weakly and non-significantly related to the FMR of kittiwakes. To date, surprisingly few attempts have been made to evaluate the relationship between TH and FMR, and these attempts are restricted to humans and laboratory animals. While under controlled conditions, TH concentrations of humans were positively related to daily energy expenditure [@pone.0056229-Toubro1], no such relationship was evident in unrestricted humans [@pone.0056229-Starling1]. In addition, treatment with exogenous T4 increased the standard metabolic rate of lizards by almost 60% whereas the effect on DEE was negligible [@pone.0056229-Joos1].

Estimates of energy expenditure derived by the DLW method have been shown to closely correspond to reference methods such as indirect calorimetry. Deviation from reference methods is particularly small for mean estimates of FMR for groups of animals; estimates for single individuals are known to differ to a larger extent [@pone.0056229-Speakman2]. If the stochastic error in FMR estimates exceeds those of BMR measurements, the strength of the relationship of TH with FMR can be expected to be reduced in comparison to BMR. However, we regard it as unlikely that a possible difference in stochastic error can explain the distinct difference between the strong relationship of TH with BMR and the absence of a relationship with FMR, respectively. In addition, plasma tT3 levels in 2010 were increased twofold in comparison to 2001 (see Methods). As TH concentrations are known to be highly variable both within and among individuals [@pone.0056229-Corbel1] this differences may reflect natural inter-annual variability of tT3 in kittiwakes. Yet, although low intra- and inter-assay variation in radioimmunoassays indicate that TH concentrations were assessed reliably, we cannot exclude the possibility that this difference was at least partly caused by differences in methodology between years. However, as we did not attempt to compare TH concentrations between years, our within-year correlations of tT3 with metabolic rates remain unaffected by inter-annual variability.

The lack of a relationship of TH with FMR might be unexpected because FMR and BMR are often thought to be intrinsically linked [@pone.0056229-Daan1]. This is based on the idea that high levels of physical exercise require a large metabolic machinery to sustain such exercise levels, and the maintenance costs of these large machinery/organs would cause a close association between FMR and BMR. However, while an association of BMR with FMR has repeatedly been demonstrated [@pone.0056229-Daan1], [@pone.0056229-Daan2], [@pone.0056229-Nilsson1] increasing evidence puts into question the ubiquity and nature of this relationship [@pone.0056229-Careau1], [@pone.0056229-Fyhn1], [@pone.0056229-Meerlo1], [@pone.0056229-Speakman8], [@pone.0056229-Speakman9]. For example, Speakman et al. (2003) [@pone.0056229-Speakman9] suggested that an apparent relationship between FMR and BMR in free-ranging voles was driven by covariation in response to extrinsic factors rather than intrinsic coupling. Also, work on laboratory mice revealed no evidence for a strong relationship between organ size and BMR, a critical assumption underlying an intrinsic link between BMR and FMR. In kittiwakes, Bech et al (2002) [@pone.0056229-Bech2] proposed that FMR and BMR might be adjusted independently within a reproductive season making an intrinsic association of the two metabolic rates unlikely. Even though we did not measure FMR and BMR in the same individuals, the strength of the relationship of TH with BMR and the lack of such a relationship with FMR supports this view.

A positive correlation of TH with FMR could also be expected if TH had a direct effect on levels of physical activity of an animal, as physical activity is likely to account for most of the difference between BMR and FMR in kittiwakes. However, while it has been shown that hyperthyroidism caused by high doses of exogenous TH increased physical activity or caused hyperactivity in laboratory rats [@pone.0056229-Levine1], [@pone.0056229-Emlen1], an effect of natural variability of TH concentrations on physical activity is yet to be demonstrated. In accordance with this, our results cast doubt on thyroid hormones as an intrinsic modulator of FMR in free-living animals and questions attempts to use plasma concentrations of TH as a proxy for FMR in field studies [@pone.0056229-Duriez1].
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